Abstract-This paper describes a distributed sensing concept using coaxial cable-based Fabry-Perot interferometers (CCFPIs). Multiple reflectors are implemented along a coaxial cable, where every two consecutive reflectors can be considered as a low finesse CCFPI, which has a relatively weak reflection coefficient and insertion loss. The interferogram in a frequency domain of each individual CCFPI could be reconstructed through the proposed signal processing method, so that the phase detection could be applied to any CCFPIs on one cable to achieve high measurement accuracy. A large capacity sensor network with a relatively high measurement accuracy can be implemented simultaneously. The concept takes advantage of the time-domain multiplexing method and the pure frequency domain measurement, which is herein called a joint-time-frequency demodulation technique. Due to its effectiveness and robustness, the device is especially attractive for structural, downhole, or underwater applications.
detecting intermediate damage such as fatigue, structural cracking and excessive deformations using structural health monitoring (SHM) techniques.
Oftentimes, comprehensive assessments of the structural health status require distributed sensing techniques with high measurement resolution, large dynamic range, robustness, and spatial continuity. In general, spatially distributed information can be acquired by either grouping/multiplexing a large number of discrete sensors or by sending a pulsed signal to probe the spatially resolved information as a function of time-of-arrival. A large number of point sensors (e.g., hundreds) can be grouped together to form a monitoring network, in which the sensors are deployed at different locations, uniquely indexed, and connected/interrogated through wireless or wired links [1] . The unique advantages of networked sensors include the flexibility in sensor deployment, heterogeneity in the sensor functions (i.e., inclusion of different types of sensors), and hierarchy in group formation. On the other hand, networked sensors only provide discrete sampling of the space, leaving dark zones in SHM. In addition, such a monitoring network is complex, data massive and difficult to manage.
A number of sensors can be cascaded along a single cable (e.g., an optical fiber [2] or a coaxial cable [3] ). These sensors have their unique signatures (e.g., different frequency or wavelength) that can be unambiguously identified using a single interrogation unit. This method is commonly referred to as multiplexed sensing. Multiplexed sensing has the advantages of straightforward and fast signal interrogation, and flexible choice of sensor functions. However, multiplexed sensing only provides discrete sampling of the space. In addition, the number of sensors that can be multiplexed in a system is constrained due to the limited bandwidth available.
Another technique, known as the optical time domain reflectometry (OTDR), has also been widely explored for spatially continuous sensing of various parameters in SHM [4] , [5] . In OTDR, a pulsed signal is sent along an optical fiber and the time/space resolved reflections are collected and analyzed. The reflections can be from Rayleigh [6] , Brillouin [7] and Raman [8] scatterings. The unique advantages of OTDR based distributed sensing include long span of coverage and spatial continuity. However, the measurement resolution of TDR is generally low due to the inherently weak scatterings. To improve the signal-to-noise ratio (SNR) and the spatial resolution of OTDR, optical frequency domain reflectometry (OFDR) has been proposed [9] . In OFDR, a frequency-scanning, highly coherent source and a Michelson interferometer are used to encode the time-of-arrival information into frequency domain signals, which can be Fourier-transformed back to the time/space domain. The SNR and spatial resolution of OFDR are noticeably higher than the traditional TDR method. However, the measurement accuracy has been limited by the power fluctuations and/or random changes in polarizations. In addition, the measurement distance of OFDR is about several hundred meters due to the availability of high-quality light sources with both long coherence length and fine frequency scanning intervals.
Among many types of fiber optic sensors, optical fiber interferometers are well known for their high spatial and measurement resolution and design flexibility for measurement of various physical, chemical and biological parameters. In addition to optical fiber interferometers, the interferometry concept can also be implemented in the radio frequency domain using coaxial cables as the waveguides. As a matter of fact, because optical fibers and coaxial cables share the same electromagnetic theory, other types of optical fiber sensors can also be implemented using coaxial cables, for example the Bragg grating, for sensing applications [10] . Recently, we have successfully demonstrated an idea of using coaxial cable as a sensing platform by mimicking some mature concepts from fiber optic sensing devices, such as Bragg grating [11] , interferometer [12] , coupler [13] , and coiled resonator [14] , etc. Compared with optical fiber sensors, the coaxial cable based sensors have the distinct advantages of robustness and large strain capability, which are particularly beneficial for SHM.
In this paper, a distributed sensing demodulation method with high multiplexing capacity and high measurement accuracy is presented using cascaded coaxial cable Fabry-Perot interferometers (CCFPIs). The idea is to reconstruct the interferograms of each CCFPI in microwave spectral domain. The method herein is called joint-time-frequency-domain demodulation technique. A similar idea has been demonstrated on an optical fiber platform by introducing a low coherence optical source with microwave modulation [15] . Here we demonstrate its effectiveness in pure microwave domain with both theoretical analysis and experimental verification.
II. JOINT-TIME-FREQUENCY DOMAIN DEMODULATION CONCEPT Fig. 1 shows the device and method of signal processing for distributed sensing. Assume a coaxial cable comprises multiple reflectors. The first step is to obtain the reflection spectrum of the whole cable including magnitude and phase information. For example, the complex spectrum can be obtained from a conventional vector network analyzer (VNA). The next step is to achieve its time domain information through a complex and inverse Fourier transform to the measured reflection spectrum. This process functions as a joint-time-frequency domain reflectometry. Multiple reflected pulses (sinc-shaped pulses) could be observed in time domain, and these reflections are corresponding to the location of each reflector along the cable. Select any two consecutive reflections through a gating function in time domain to filter out or isolate the unwanted signals. The two reflections in the applied window define a CCFPI at a specific location. The interferogram in spectral domain of the selected FPI can be obtained after applying another complex Fourier transform to the time domain signal with gating. As such, the interferograms of any CCFPI along the cable can be reconstructed and used for sensing application. The sampling rate or total sampling point of the reconstructed spectrum must be drastically decreased due to the applied observation window in time domain. This will further influence measurement resolution. In order to get the same sampling rate or number of point for the reconstructed spectrum, zero-padding needs to be added in time domain after adding a gating function. Zero-padding in time domain will give better resolution in spectrum domain and this is proved to improve the sensing performance in terms of measurement resolution. The cable with multiple FPIs can be considered as a linear superposition of many isolated FPIs with different initial distance. The applied observation window is used for isolating the FPI of interest or suppressing/filtering out the unwanted signal. Most of the information of the FPI is confined inside the applied window in time domain. The applied zero-padding in time domain is just to recover the original information of one isolated FPI on the entire length of the cable. In a sense, the interferogram in spectral domain of each FPI can be reconstructed through this device and method, and it can be used for sensing by correlating its path difference to the parameters of interests. The FPIs can be designed to share the same bandwidth in spectral domain so that the bandwidth of the source required frequency interval per sensor is not a concern to this device and method. The maximum number of sensors is only determined by the total transmission loss of the sensors and the cable. As a result, this device and method combine the unique features of both conventional frequency domain measurement and time domain multiplexing including a large capacity sensor network and high measurement resolution.
III. MODELING AND SIMULATIONS
Let's start with a harmonic voltage waveform excited by a microwave source, given by
where t is the time; V 0 is the voltage; A is the amplitude; ϕ is the initial phase; ω is the angular frequency of the microwave source. The microwave source travelling into the coaxial cable is partially reflected by the cascaded reflectors, where the designed reflection coefficients are weak enough. Thus, the microwave can be transmitted over many cascaded sensors and the multiple reflections among reflectors can be negligible. The total voltage of the reflected wave induced by cascaded reflectors can be expressed as
where N denotes the total number of the reflectors; z i represents the location of the i -th reflector. The voltage component in Eq. (2) is given by
Where Γ i denotes the reflection coefficient of the i -th reflector; c denotes the speed of light in vacuum, and ε r is the effective and relative dielectric constant. The transfer function of the distributed sensing system at a certain frequency (ω) is the ratio of total reflected wave over the microwave source, given by
In Eq. (4), A ef f and ef f are the amplitude and phase of the transfer function, respectively.
When sweeping the microwave frequency continuously, we would get the transfer function in the full band. In practice, the highest swept microwave frequency is limited by the bandwidth of both the excitation and the cable. We assume the swept frequency bandwidth is from ω min to ω max . By applying the aforementioned theoretical models, the microwave reflection spectrum with a bandwidth of ω max − ω min can be obtained both in amplitude and phase. The corresponding impulse response of the transfer system could be obtained after performing an inverse Fourier transform of the microwave reflection spectrum. Where
is the propagation delay of the signal with respect to the i -th reflector. Eq. (5) shows that the impulse response with a certain bandwidth (ω max − ω min ) is a combination of sinc functions at discrete reflectors. The peak of each sinc function is proportional to the reflection coefficient of each corresponding reflector. In addition, Eq. (5) also shows the exact location of reflectors along the cable. The specific reflector location (z i ) can be easily identified by the peak delay time (τ i ). Since the swept frequency bandwidth is finite (ω max − ω min ), the adjacent sinc pulses can be overlapped when the distance between the two adjacent reflectors is less than c/2 √ ε r (ω max − ω min ), indicating that the spatial resolution is limited by the frequency bandwidth. Fig. 2 shows an example of the relationship between the swept bandwidth and the spatial resolution. A typical interferometer of the two reflectors is swept twice with the bandwidth of 0-3 GHz and 0-12 GHz, respectively. The time domain signals are obtain after the inverse Fourier transformations. In the first case of the 0-3 GHz bandwidth, the two primary pulses overlap with each other, constructing a single pulse. However, using the wider bandwidth (0-12 GHz) in the second case, the two pulses can be unambiguously resolved.
Therefore, the minimum distinguishable distance between the two adjacent reflectors (i.e., spatial resolution) should be concerned to avoid the overlap issue. The wider the swept frequency is, the narrower the pulse width will be (sinc function) in time domain and the higher the spatial resolution will be.
In order to pick up two arbitrary reflections and suppress the unwanted signal pulses, a gating function with two windows is applied to the time domain signal given in Eq. (5). The shape of the gating function could be various such as rectangular, Hamming, Hann, Kaiser, Turkey, etc. We denote the gating function as g(t). After the gating, the time domain signal becomes h(t)g(t). The gated time domain signal is then Fourier transformed back to frequency domain to reconstruct the microwave interference spectrum for interrogation of the distance change between two reflectors (i.e., z i − z j ). Mathematically the reconstructed interference spectrum is expressed as
where G(ω) is the inverse Fourier transform of the gate function g(t); τ 0 is the time delay of the gate function.
Eq. (6) shows that the reconstructed microwave FPI in frequency domain is essentially a convolution of the signal H (ω) and the shifted gating function G(ω)ex p(− j ωτ 0 ). We define the path difference (PD) of the microwave FPI, expressed as
The free spectral range (FSR) of the reconstructed interference spectrum is a function of the PD, given by
Numerical simulations were demonstrated to give an intuitive understanding of the distributed sensing technique. In the simulation, the cable was a flexible coaxial cable with the dielectric constant of 2.25. The microwave frequency range was from 0 to 6 GHz, with 20000 equally-spaced sampling points. 8 weak reflections with equal reflectivity of 1% were built in the cable at the discrete locations of 0.5, 0.6, 0.8, 0.9, 1.0, 1.1, 1.4, 1.8 m, respectively. Fig. 3 (a) and (b) plot the calculated amplitude (A ef f ) and phase ( ef f ) spectra based on Eq. (4). Fig. 3 (c) and (d) plot the calculated results based on Eq. (5) and Eq. (6), respectively. In Fig. 3 (c) , the 8 reflectors can be clearly identified at the corresponding locations. A rectangular window was applied at the center between the two reflectors and the width of the window was set to be 1.333 ns. The cut-off section of the time domain signal was then Fourier transformed back to the frequency domain as shown in Fig. 3 (d) , where an interference spectrum can be clearly identified. The reconstructed interference spectrum is the result of the microwave interference of the two reflected signals at the 5 th and 6 th reflectors. The FSR was found to be 1.995 GHz, which agreed well with the theoretical prediction, shown in Eq. (8) .
Likewise, any two reflectors can be cut off by applying a proper gating function. In essence, the two cut-off reflectors and the cable cavity between them define a low-finesse CCFPI, and the interference spectrum can be processed to find its PD or changes in PD for sensing applications. The location of the cut-off CCFPI is also known because the positions of the two reflectors can be found in time domain. Spatially continuous distributed sensing can be realized by consecutively selecting two adjacent reflectors along the cable. In addition, any two arbitrary reflectors on the cable can be selected to construct the interferometer. Thus, the gauge length can be flexibly reconfigured during measurement.
IV. EXPERIMENTAL RESULTS
There are several ways to engineer the partial reflectors inside a coaxial cable to construct a CCFPI. We used a simple hole-drilling method for the purpose of demonstration. Please find the detailed information regarding the manufacturing and characteristics of the reflector in our previous works [12] , [13] . To demonstrate the proposed device and method for distributed sensing, four sections of CCFPIs are separated periodically by 150 mm on a coaxial cable, respectively. A CCFPI comprises a pair of partial reflectors with a distance of 60 mm. The microwave source reflected at the first reflector while the remaining energy transmits through to reach the second reflector. At the second reflector, the EM wave is again partially reflected. The two reflected waves travel backwards and interfere coherently to generate an interference signal. When observed in the spectral domain, the interference signal manifests itself as an interferogram. The amplitude and phase spectra (scattering parameter S 11 ) of the device are first obtained by a VNA as shown in Fig. 4 (a) and (b) . A complex and inverse Fourier transform is then applied to the recorded reflection spectra. The result is the time domain reflectometry of the multiple CCFPIs as shown in Fig. 4(c) . The eight reflectors along the coaxial cable can be clearly identified at the time intervals matching the section lengths as shown in Fig. 4 (c) . Using a time gating window, we isolated the two reflectors defining sensor #3 and reconstructed its microwave interferogram by complex Fourier transform as shown in Fig. 4 (d) , where the interference fringes are clean and has a visibility exceeding 30 dB, indicating excellent signal quality. It is the coherent superposition of every two consecutive reflections that introduces the interference pattern in frequency domain. The time domain reflectometry also reveals that the key to obtaining a large fringe visibility of the interference signal is to have equal amplitude of the two reflections. The interferograms in spectral domain of other CCFPIs can also be reconstructed through the same signal processing.
To demonstrate the capability of distributed sensing, temperature measurement was conducted. The third CCFPI along the coaxial cable was placed into a tubular furnace while the others are placed outside the furnace. Furnace temperature was increased from 30 to 100°C at a step of 10°C. During each temperature step, the reflection spectrum was recorded and the interferograms in spectrum domain of the four CCFPIs were reconstructed. Fig. 5 (a), (b) and (c) plot the change in reconstructed interferograms of the second, fourth and third CCFPI, respectively. The increasing temperatures did not incur noticeable loss in the reflection spectra. The interference fringes of the second and fourth sensors does not change as temperature increased; while the third sensor's interference fringe shifts to the right side as expected in Fig. 5 (c) . Fig. 5 (d) plots the time domain responses of the third sensor. It is interesting that the reflectivity of the two reflectors decreases at elevated temperature, but it does not influence the fringe visibility of the reconstructed interferogram shown in Fig. 5 (c) . Fig. 5 (e) plots the calculated temperature distribution of the total cable with four sensors and their frequency shift as a function of temperature. Fig. 5 (f) plots the third sensor in response to the applied temperature, where the frequency shift of the interferogram increases linearly as a function of the applied temperature with a slope of 1.8 MHz/°C. The inset of Fig. 5 (f) plots the zoom-in spectra as the applied temperature increased around 2.5 GHz. The spectra of the other two sensors had no any observable shift. It is obvious that only the third sensor, which is placed in the furnace, has the maxima frequency shift as temperature increased. The other sensors also have a ±1 MHz shift, corresponding to a temperature variation of ±0.8°C. As such, the proposed signal processing device and method for distributed sensing has little cross-talk among sensors along the cable. Temperature measurement based on this device and method is just an example to demonstrate its capability of distributed sensing. The proposed device and method for distributed sensing based on coaxial cable can be designed for measurement of various physical, chemical and biological parameters such as the monitoring of displacement, strain, temperature, pressure, acoustic/ultrasonic waves, liquid level, material property, etc.
V. CONCLUSIONS To summarize, a joint-time-frequency domain demodulation technique was developed for reconstruction of the interferograms of cascaded CCFPIs in spectrum domain. Many coaxial cable interferometers with the same or different path differences can be unambiguously determined and interrogated in spectrum domain. The concept is demonstrated using cascaded CCFPIs along a coaxial cable, where two weak reflectors are defined as a low-finesse FPI. Temperature measurement was used as an example to demonstrate the capability of the proposed concept. High spatial resolution, improved measurement accuracy and multiplexing capability are achieved. The spatial resolution is inversely proportional to the microwave bandwidth. The maximum number of multiplexing is determined by the insertion loss (less than 1 dB for hole-drilling method) of each reflector and measurement dynamic range (typically over 90 dB) of the VNA. It should be noticed that any two arbitrary reflectors can be selectively gated and defined as an interferometer. In a sense, a spatially-continuous (i.e., no dark zone) distributed sensing method can be realized based on this technique. The gauge length could also be flexibly chosen which is particularly suitable in the applications of civil engineering. In addition to temperature measurement, it is envisioned that the distributed sensing device and method may find several applications such as water pollution monitoring, corrosion sensing, or oil pipe leakage detection. Due to its effectiveness and robustness, the device and method may also be used for structural, down hole or under water applications.
